Interobserver reproducibility in deriving cardiac output by measuring aortic blood flow velocity and diameter with imaging and Doppler ultrasound was investigated in 20 healthy infants born at full term. Aortic diameter was measured in three ways. Mean blood flow velocity was measured at three sites with both continuous wave and pulsed Doppler. Two observers carried out each study independently. Intraobserver reproducibility was investigated in 12 infants using the suprasternal site for measuring blood flow velocity. The most reproducible determination of cardiac output was found when the suprasternal site with continuous wave Doppler was used for measurement of blood flow velocity and M mode trailing edge to leading edge echocardiography was used for diameter. Normal mean (2 SD) cardiac output is 231 (77) ml/kg/min.
Alverson et al used M mode trailing edge to leading edge echocardiography. 7 Mellander et al, who used both the cross sectional image for internal aortic diameter and M mode trailing edge to leading edge method, found the M mode more satisfactory.8 As the area is derived from the square of the radius, any error in the measurement of the diameter will be magnified.
Accurate assessment of blood flow velocity requires the Doppler beam to be aligned with the long axis of the aorta, and any deviation will result in an underestimation that is related to the cosine of the angle. In practice, providing the angle is less than 150, the error will be less than 3% (fig 2) . The suprasternal site has generally been used but this may not be ideal, especially in infants who are being ventilated and in whom this site may be inaccessible; either the apical window or the subcostal site may be preferable and geometrically better aligned.
Velocity can be measured by two different techniques; pulsed Doppler obtains information about flow at a predetermined depth and has usually been used, and the alternative, continuous wave, has no depth resolution but may be easier to use and be more reproducible.
Zero crossing detectors" ' or mean velocity estimators have been used in previous studies, but these have definite limitations.'0 Thus although discrete Fourier transformation is used in all modern Doppler systems, the results of measuring cardiac output in the newborn have not been fully investigated. In addition the advent of coloured Doppler enables a more accurate diagnosis of an arterial duct, allowing such patients to be excluded from the study.
We know of no other study in newborn infants that directly compares reproducibility in measurement of cardiac output at the three standard sites using both pulsed and continuous wave Doppler, and using the three different quoted methods for measuring aortic diameter. We therefore report the results of a study using Doppler spectral analysis.
Methods
The first part of the study determined interobserver differences in the measurement of cardiac output. We studied 20 healthy infants, whose gestational age range was 37 to 41 weeks, who were between 2 and 7 days old at the time of the study, and whose weights ranged from 2380 to 4020 g. They were all quiet at the time of the study.
Measurements In the analysis of the data from two observers the first step in the investigation is to find out whether there is a significant degree of bias between observers and, if there is, the measurement is considered unsuitable for general use ment, the minimum difference in cardiac output that could be regarded as significant would be 90 ml/kg/min if made by two independent observers, or 45 ml/kg/min if made by the same observer on two occasions.
Discussion
Although pulsed Doppler has been used principally to measure cardiac output, Hatle used continuous wave Doppler successfully in neonates and young children for assessing aortic blood flow velocities. " Nishmura et al used continuous wave Doppler in adults to measure cardiac output, and found it correlated well with invasive methods.'2 Our results indicate that continuous wave is more reproducible than pulsed wave Doppler in the measurement of cardiac output by two independent observers. This may be because of the different depths being chosen by the two observers in attempting to obtain the best signals each time. We also found that roughly half the observed variance within the population of infants studied when measured by independent observers was the result of 'observer error'.
In comparing values obtained by the same observer the variability in both types of Doppler is less pronounced, and may reflect the same depth being chosen (table 7) . Alverson et al and Walther et al used zero crossing detectors, which are now outdated; we used discrete Fourier transformation. This is much less gain dependent, more widely available, and used in all modern Doppler machines (which also contain the software for calculating cardiac output). This study also has the advantage of colour Doppler, which enabled more accurate exclusion of patent ductus arteriosus and thus eliminated any possible error related to the resulting increased aortic flow.
Our study was designed to determine the most reproducible method of measuring cardiac output. To determine the method that gives the most accurate result, direct comparison with invasive techniques would be neccessary. Unfortunately there seems to be no 'gold standard' for direct comparison. Powner and Snyder'3, in reviewing six thermodilution cardiac output systems, pointed out that these may be liable to errors of up to 20%. Despite this Alverson7 and Mellander et al both compared invasive methods for determination of cardiac output using the Fick principle with Doppler ultrasound in infants and older children, and found good correlation; our results with Doppler are similar.
The main limitation of the technique seems to be in accurate measurement of aortic diameter, and as can be seen from our calculations (table 7) a small error may produce a relatively large error in the calculation of cardiac output, especially in preterm infants with small aortic diameters. Although direct comparison among different infants may give rise to considerable error, serial measurements within the same infant made by the same observer will reduce this error and this must be the main use of the technique. The result may, however, be an underestimation because the technique does not measure coronary blood flow and this may account for between 5% and 10% of the total cardiac output. It also assumes that aortic diameter does not change throughout systole.
Others have found Doppler ultrasound useful in monitoring serial changes in infants with myocardial dysfunction,'4 various arrhythmias, and in those receiving treatment for ductus arteriosus. 7 We conclude that Doppler ultrasound is a useful technique for serially measuring cardiac output in an individual infant. The most reproducible results are obtained using diameters measured by M mode trailing edge to leading edge echocardiography, mean blood and flow velocities measured by continuous wave Doppler at the suprasternal site; the measurements should be made by the same observer on each occasion. Results obtained using spectral analysis are similar to those obtained using zero crossing detectors.
